Abstract Alumina-supported Fe 2 O 3 oxygen carrier material (OCM) system is among the most promising OCM systems for solid and gaseous fuel CLC. This work utilizes a comprehensive thermogravimetric and thermodynamic equilibrium approach to redox and CLOU performance, oxygen transfer capacity, reduction rate and sulfur tolerance of the Fe 2 O 3 impregnated on Al 2 O 3 OCM. Thermodynamic evaluations reveal that the beneficial composition range lies in a wide range of 7.5-34% molar Fe 2 O 3 ratios. This is the range at which aluminum-rich corundum phase, i.e., (Al, Fe) 2 O 3 , remains stable throughout the oxidizing to very reducing oxygen partial pressures in fuel reactor. The experimental system in this study contains 20 mass% Fe 2 O 3, i.e., X Fe = 13.8% molar which lies well within this interval. Deep redox cycle experiments confirm the thermodynamic modeling and during the long residence time of this experiment, the sample is almost fully reduced and exhibits its thermodynamic redox oxygen capacity of close to 1.5 mass%. Extension of the deep redox cycles to 15 cycles induces no performance deterioration in terms of capacity, rate of reduction or morphological failure. The redox experiment under sour reducing gas indicates no H 2 S poisoning for the 20 mass% Fe 2 O 3 supported on Al 2 O 3 OCM. The findings that this system is not affected with the H 2 S content of the gas, and the prediction of the SO 2 release from the fuel reactor is in good agreement with our recent reactor testing findings available in the literature.
Introduction
Chemical looping combustion (CLC) can be categorized as an oxyfuel combustion in which, instead of air, oxygen is provided by a solid oxide, commonly known as oxygen carrier material (OCM) [1] . Thus, CLC is distinguishable from the more known conventional oxyfuel process, which involves purified molecular oxygen cryogenically separated from air. The OCM is periodically circulated between an air reactor and a fuel reactor by which it carries oxygen from the air reactor to the fuel reactor [2] . By replacing air with OCM, CLC takes the advantage of inhibiting direct contact between the hydrocarbon fuel and air and provides an efficient technique for CO 2 capture [3] . Additionally, hydrocarbon combustion in a nitrogen-free reactor inhibits NO x formation. Developing OCMs with suitable characteristics is the key component of the CLC system [4] . The list of the required or beneficial characteristics for the suitable OCMs is long, but the most important could be shortlisted as: suitable redox performance, reversibility, environmental benignity, abundance, attrition stability and, last but not least, reasonable cost. Sole, mixed and supported transition metal oxides are the most studied choices, notably the first-row transition metals including Ni, Fe, Mn and Cu [5] [6] [7] [8] [9] [10] [11] .
Supported iron-based OCMs are among the most promising systems for solid and gaseous fuel-based CLC. This system is particularly interesting, due to the fact that globally iron ores are the most processed of all transition metal ores, thus accessible with low cost and abundance. Another advantage is the purity of several readily available iron ores, which ease the mineral processing requirements. In the literature, several reports on the supported Fe 2 O 3 on Al 2 O 3 , CaO, SiO 2 , MgO, TiO 2 , ZrO 2 and CeO 2 as OCM for CLC applications are available [12] [13] [14] [15] [16] [17] [18] . From the thermodynamic point of view, it has been shown that the Fe 2 O 3 /Fe 3 O 4 redox couple can almost fully combust methane or syngas to H 2 O and CO 2 at temperatures above 800°C [19] . Although the nominal oxygen transfer capacity for this redox cycle is not huge (3.3 mass%), still high methane conversion [20, 21] and even reactivity with very low methane concentrations (i.e., \ 1 vol% CH 4 ) [22, 23] and long operation lifetime [24] indicate remarkable characteristics with great potentials for chemical looping applications. Fe 2 O 3 supported on Al 2 O 3 is specially an interesting system and numerous recent publications focus on this material's redox thermodynamics and performance, attrition behavior, long-term durability, sulfur tolerance, reduction kinetics, gas reactivity and conversion [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [5, 32] .
We have previously demonstrated the importance of the preparation route and the metal content on the performance and properties of the OCM and have developed a highly reactive Fe 2 O 3 -Al 2 O 3 OCM using impregnation technique [21] . We have also determined the reduction and oxidation kinetics with CH 4 , H 2 , CO and O 2 as reacting gases under realistic CLC conditions [33] . It is shown that the OCM is always reduced to the spinel FeAl 2 O 4 phase regardless of the final solid conversions [33] . During continuous operation in a 0.5 kW th CLC unit using this OCM, complete combustion of CH 4 was achieved. The complete combustion is achieved at moderate OCM to fuel ratios in the fuel reactor which corresponds to around 500-kg OCM per MW th , i.e., Fe inventory of 50-kg Fe per MW th [21, 34] . These values are the lowest referred to in the literature for any kind of iron-based OCM, either natural or synthetic. Continuous 0.5 kW th CLC experiments with industrially relevant gaseous fuel conditions containing H 2 S (variable volumetric concentrations from 2000 ppm to staggering 15%) reveal no negative influence on OCM caused by H 2 S regardless how high the concentration of sulfur in the fuel stream is [29, 34] . Iron sulfide has not been formed, the redox reactivity and high combustion efficiency were maintained, and the OCM demonstrated adequate resistance to agglomeration and attrition during operation with and without H 2 S [34] . During the previously reported continuous operation in the CLC unit, the reduction and oxidation level of the OCM is limited by the operational conditions; full redox cycles are thus usually not reached. This work utilizes a comprehensive thermogravimetric and thermodynamic equilibrium approach to redox performance and sulfur tolerance of the impregnated iron-based OCM.
Experimental
Oxygen carrier material and morphology characterization 20 mass% Fe 2 O 3 is impregnated on the gamma alumina support. Particles in the size range of 125-180 lm were used. Synthesis, fabrication and physical and chemical properties of the OCM used in this study are thoroughly available elsewhere [21] . Morphochemical characterization was performed on the samples prior to and after the redox cycling. Cross sections of the materials were prepared by vacuum-embedding sample material in epoxy resin (Epofix resin, Struers A/S), grinding with silicon carbide abrasives and polishing with diamond-based abrasives. Field-emission gun scanning electron microscopy (FEG-SEM) characterization was performed on a Nova NanoSEM650 (FEI corp.). Images were acquired based on back-scattered electron (BSE), which reflects the local density of the samples (high density induces high brightness). Element analysis and mapping was performed using an X-Max50 (Oxford instruments) energy-dispersive spectrometer (EDS) attached to the FEG-SEM instrument. The images were sputter coated with carbon prior to SEM-EDS characterization to ensure surface conductivity of the samples.
Deep redox cycling and effect of H 2 S
The deep cycling experiments with and without H 2 S in the reducing gas was performed in a Rubotherm thermogravimetric analyzer. The cycling experiments consist of 15 cycles; each cycle consists of sequences of 10-min inert, 25-min reduction, 10-min inert, followed by a 15-min oxidation. The first and the last five cycles are performed without any H 2 S present in the gas, and the five cycles in between contain 800 ppm H 2 S during the reduction step. This procedure allows to eliminate the effect of possible initial activation, and to study whether the OCM performance is regained after sulfur is removed from the reactive gas. Thermodynamic equilibrium calculations performed using FactSage software indicate that at 900°C, the oxygen partial pressures for the reduction, inert and oxidation are logðpO 2 =atmÞ % À 17, logðpO 2 =atmÞ % À 6 and logðpO 2 =atmÞ % À 1, respectively. The cycling experiment was performed isothermally at 900°C. Total gas flow of 1000 mL min -1 reactive gas (whether reducing, oxidizing or inert) was used parallel to 1000 mL min -1 protective purge gas. Ar was used as the inert gas. Mixtures containing 20% O 2 and 5% H 2 were used as the oxidizing and reducing agents. 25% CO 2 in the reactive gas was used to stabilize the oxygen partial pressure. This amount of CO 2 reproduces the same condition in the inert step as water vapor in the actual process (with similar oxygen partial pressure). The effect of gas buoyancy was corrected for, via performing the background experiment.
Short redox cycling and reduction rate
Reduction-oxidation (redox) cycles testing on the materials were performed in conditions close to the CLC application.
A Setsys Evolution (SETARAM) thermogravimetric analyzer apparatus was used in combination with a fully automated in-house gas mixing system, as illustrated in Fig. 1 . During the experiment, constant reactive gas flow of total 200 mL min -1 was used. In total, 200 cycles in the temperature range of 800-1000°C with 50°C intervals were applied. The redox cycling procedure consisted of heating up to 800°C in air, and subsequently 20 redox cycles between air and humidified 5% H 2 ? 25% CO 2 in Ar followed by 20 redox cycles with air and humidified 10% CH 4 ? 25% CO 2 in Ar. The program continued with the same gas procedure for 850, 900, 950 and 1000°C. The humidity of the reactive gas was stabilized to 80% of the saturation humidity at room temperature via passing the gas through a KBr solution. During each redox cycle, samples were kept for 2 min in reducing and 2 min in oxidizing atmosphere and a short inert period of 30 s in between each reduction and oxidation lap. These conditions were chosen to estimate the useful oxygen capacity and redox reaction rate, and to indicate the reversibility after each cycle. The buoyancy effect during TG measurements is dependent on the molar masses of the gases used. Due to closer molar mass of Ar to CO 2 , Ar (instead of N 2 ) was used as the inert gas in all the experiments to minimize the effect of buoyancy imposed by different gas mixtures. Two serial four-way valves were used and the controlling software was programmed in a way to make it impossible to switch from oxidizing to reducing gases without having an inert in between, for safety reasons. Another advantage with this gas mixing system is that the reactive gas stream is first regulated and sent to exhaust before being introduced to the TGA, thus avoiding the gas surges during the transient period when a mass flow controller is first switched on. The effect of gas buoyancy was corrected for, via performing the background experiment.
Results and discussion

Al 2 O 3 -Fe 2 O 3 redox thermodynamics expectations
Keeping in mind the boundaries defined for the redox performance of an OCM by kinetics and morphology, thermodynamic analysis can provide a cost-effective tool to predict the behavior and preliminarily design an OCM system. Studying the Al-Fe-O phase diagram provides an efficient approach to analyzing the redox behavior of Fe 2 O 3 -Al 2 O 3 system as OCM for CLC. The Fe 2 O 3 -Al 2 O 3 pseudo-binary phase diagram over a wide range of oxygen partial pressures is illustrated in Fig. 2 . This phase diagram is plotted for 900 and 1000°C which is an appropriate target temperature for the chemical looping combustion. The main rationale behind the Fe 2 O 3 -Al 2 O 3 system is that the resilient structure of Al 2 O 3 supports and holds the redox active transition metal part of the OCM, i.e., Fe. This means that the focus is on the left part of the phase diagram, i.e., 0 \ X Fe \ 30% molar which is rich of Al. At high oxygen partial pressures, there is a miscibility region and a two-phase region at compositions above 7.5% molar Fe 2 O 3 . The two-phase region corresponds to a mixture of two distinct phases both of corundum structure (M 2 O 3 ), but one of them rich of Al and the other rich of Fe. At 900°C, by reducing the oxygen partial pressure at log pO 2 Fig. 1 Fully automated gas mixing and switching system used for the short redox cycling experiments which is being reduced to spinel (M 3 O 4 ). Although the reduction is stepwise, by reducing the oxygen partial pressure the material loses more oxygen by increasing the amount of the recently formed spinel phase with the cost of consuming some of the first existing Al-rich corundum phase. This gradual oxygen loss is visualized more clearly in Fig. 3 , where the OCM's oxygen release capacity at 900 and 1000°C is plotted for different Fe ratios. By reducing the oxygen partial pressure, the Al-rich corundum phase loses its Fe content more and more and eventually at log(pO 2 =atm) % À 17 (for 900°C), it becomes almost completely depleted of Fe, thus pure Al 2 O 3 . However, it is noteworthy that in the CLC application, as the residence time of the material in such reducing condition is short, the phases are recombined by the oxidation step in the air reactor where spinel phase is transformed to the Fe-rich corundum phase again. The main advantage of supporting Fe 2 O 3 on Al 2 O 3 is the existence of an Al-rich corundum phase which can survive over a very wide range of oxygen partial pressure both at high oxygen partial pressure (in air reactor) and low oxygen partial pressure (in fuel reactor). Thus, the beneficial composition range for such supported OCM can be deduced from the phase diagram in Fig. 2 . The beneficial composition range lies where the Fe portion is less than 34% molar. Any higher Fe content leads to the risk of ending up with too little or eventually disappearance of the Al-rich corundum phase (the support phase) at low oxygen partial pressures. As the main goal of this supporting strategy is to keep the integrity of the material over many cycles, it is crucially important to make sure that a considerable amount of the Al-rich corundum phase is kept during reduction. One can argue that the beneficial composition should consist of roughly 50% Al-rich corundum phases at low oxygen partial pressure, i.e., the maximum X Fe is 17% molar. On the other hand, having a composition with too little Fe in the OCM structure is not beneficial. Ultimately, the OCM's oxygen release capacity comes from its Fe content, and Al does not contribute to the redox reaction; thus, a lower Fe content in OCM means a lower oxygen capacity for OCM. Another important issue is the oxygen partial pressure at which the main part of the oxygen capacity is released. As evident from the phase diagram, for the single phase Al-rich corundum, i.e., X Fe-\ 7.5%, absolutely all of the oxygen capacity is released at lower oxygen partial pressures, and the equilibrium oxygen partial pressure is heavily dependent on chemical composition. Having oxygen being released at such low oxygen partial pressures introduces the risk of not being able to fully combust the reactive reducing gas in the fuel reactor, even at higher temperatures. In Fig. 3 , the oxygen partial pressures of some of the indicative gas compositions in the fuel reactors are illustrated. It is evident that in terms of thermodynamics, it is impossible for a material that releases its oxygen capacity at oxygen partial pressures lower than logðpO 2 =atmÞ % À 9 (at 900°C) to fully combust methane to H 2 O and CO 2 . Bearing in mind that the real reactor condition is far from thermodynamic equilibrium, this can potentially be translated in several percentages of methane leaving the fuel reactor unreacted together with the combustion products. Increasing the operational temperatures to 1000 C improves the conversion significantly, as it shifts the oxygen release oxygen partial pressures to higher values. At 1000°C, the OCMs with Fe contents higher than 7.5% molar are thermodynamically able to fully combust methane to CO 2 . Considering the aforementioned important parameters for the best performing OCM in the Fe 2 O 3 /Al 2 O 3 system, the best composition falls in the interval of 7.5% \ X Fe-\ 17% molar cations. X Fe = 10% and 15% molar cations are two of the compositions plotted in Fig. 3 , which also fall within the suitable composition for CLC performance. The composition of the sample used in this study lies well within this interval at X Fe = 13.8% molar (i.e., 20 mass% Fe 2 O 3 ). Of course, higher Fe content means higher oxygen capacity for the OCM, but it also results in higher chemomechanical stresses during the redox cycles. Increasing the lifetime of an OCM is by far more important than the oxygen capacity, i.e., the amount of oxygen an OCM transfers during its whole lifetime, rather than just a single cycle. Adjusting the chemical composition based on the thermodynamic design strategy leads to longer lifetime, while keeping the oxygen capacity manageable for each cycle.
Another important aspect is the possibility of CLOU (chemical looping with oxygen uncoupling) performance for this OCM system. CLOU capacity is a part of the oxygen capacity which is released upon OCM's arrival to the fuel reactor. Thus, CLOU can be interpreted as the amount of oxygen capacity which the OCM releases to inert atmosphere and obviously is dependent on the temperature. CLOU plays an important role in the in situ gasification of solid fuels, when considering the CLC applications with coal or biomass as fuel. CLOU performance boosts the OCM reaction with solid fuels. By comparing the oxygen capacity versus oxygen partial pressure as presented in Fig. 3 , it is evident that at 900°C there is no oxygen release from air (log(pO 2 =atm) % À 1) to CO 2 (log(pO 2 =atm) % À5) for any of the studied compositions, i.e., this material does not possess CLOU The mass-loss data presented in this figure are generated from the thermodynamic phase diagram presented in Fig. 2 . The oxygen partial pressure for CO 2 is calculated assuming 1 ppm CO level in CO 2 performance at 900°C. Indeed, the same observation could also be made from the phase diagram in Fig. 2 , as the phase transformation at which the material releases oxygen does not start before logðpO 2 =atmÞ reaches -7. In Fig. 4 , the thermodynamic expectation for the CLOU performance is calculated over a wide range of temperature. The data presented in this figure are calculated via the ClausiusClapeyron relation for discontinuous phase transition between corundum and spinel phases. Obviously, increasing the temperature results in higher CLOU values. An important point of focus is the temperature at which the CLOU oxygen partial pressure reaches log(pO 2 =atm) % À5. Log(pO 2 =atm) % À5 is mostly assumed as the oxygen partial pressure of the fully combusted gas, i.e., CO 2 , and can be considered a threshold at which the material starts exhibiting CLOU performance. As Fig. 4 shows, the minimum temperature in order to surpass this CLOU threshold is 1050°C. Of course, higher thermodynamically recommended temperatures with better CLOU performance may pose difficulties in practical implementation.
Deep redox cycling and H 2 S tolerance
Another important factor to be considered is the effect of H 2 S on the oxygen carrier material, especially when considering coal as the fuel feedstock. As H 2 S does not interact with Al 2 O 3 at low concentrations, it can be safely assumed that any H 2 S interaction with the material is due to its iron constituent part. The predominance phase diagram of Fe-S-O-H system is illustrated in Fig. 5 . The circular marks in Fig. 5 represent the thermodynamic states that the iron constituent of the OCM undergoes during the oxidation, inert and reduction steps during a redox cycle with H 2 S. If H 2 S is excluded from all the redox steps, the material will follow the path of black arrows. The green path illustrates the inert-reduction-inert when the reactive reducing gas contains H 2 S, while the blue arrows take into account the change in the gas composition during the reduction in the fuel reactor, and therefore, the oxygen partial pressure changes during the reduction step in the fuel reactor. As evident from Fig. 5 , it is thermodynamically expected to observe sulfide phase formation during the sour reduction. When considering the change in the oxygen partial pressure throughout the fuel reactor due to combustion of the fuel (the blue horizontal arrow), the OCM remains almost in the sulfide stability region, although as it lies on the phase change black line, the uncertainty of remaining in FeS or reaching Fe 3 O 4 region remains high. If the transformation to Fe 3 O 4 during the residence time in the fuel reactor happens, this actually means that the material reacts with H 2 S in the fuel reactor and ultimately oxidizes H 2 S to SO 2 before leaving the fuel reactor.
The isothermal cycling curves for the 20 mass% Fe 2 O 3 sample (i.e., X Fe = 13.8% molar) at 900°C are presented in Fig. 6 . As noted in the figure caption, the gray area in this graph represents the cycles in which H 2 S is added to the reducing gas (800 ppm H 2 S). The curves are corrected for the background induced by buoyancy. It is evident that given the long residence time, the sample is almost fully reduced and exhibits its thermodynamic redox oxygen capacity of close to 1.5 mass%. This observed oxygen capacity is in very good agreement with the thermodynamics predictions from Fig. 3 . In agreement with the thermodynamic predictions, no mass decrease during the inert steps is observed, indicating that this system does not possess any CLOU behavior at 900°C. From the reproducibility point of view, this system keeps the redox capacity throughout the 15 cycles of deep redox. From  Fig. 6 , it is also evident that during the sour cycles (the five gray middle cycles) no mass increase due to sulfide formation is observed. The redox cycles follow the same trend regardless if H 2 S is present in the reactive reducing gas or not. This is interesting since the predominance phase diagram of the Fe-S-O-H system, shown and discussed previously in Fig. 5 , predicts the potential formation of FeS phase during the sour reduction.
Obviously, within the given experimental conditions of this study, the FeS is not formed during the sour reduction. Thus, one can conclude that the spinel stability region is reached. The OCM phase transformation to spinel during the residence time in the fuel reactor can be translated as sulfurization and desulfurization of the OCM within its residence time in the fuel reactor. In other words, the OCM reacts with H 2 S in the fuel reactor and ultimately oxidizes H 2 S to SO 2 before leaving the fuel reactor. The findings that this system is not affected with the H 2 S content of the gas, and the release of SO 2 from the fuel reactor even at 900°C have also been recently confirmed by the reactor testing [34] .
Short redox cycles and rates of reduction
The short isothermal redox cycles at 800-1000°C with 50°C intervals are presented in Fig. 7 . Particle size of 125-180 lm is used. As also pointed out in the figure, at each temperature the first and second 20 cycles are Fig . 6 Isothermal deep redox cycling experiment at 900°C. Gray area: 800 ppm H 2 S added to the reducing. Ar was used as the inert gas. Mixtures containing 20% O 2 and 5% H 2 in Ar were used as the oxidizing and reducing agents. 25% CO 2 in the reactive gas was used to stabilize the oxygen partial pressure performed with H 2 and CH 4 , respectively. It is evident that the sample fully recovers its oxygen capacity during oxidation at all the temperature fragments of study. The spontaneous oxygen capacity and reduction rate at different temperatures are summarized in Fig. 8 . The spontaneous capacity is defined as the mass loss after 2 min in the reducing gas. Note that the spontaneous capacity is not equivalent to OCM's full oxygen transfer capacity. Spontaneous capacity is calculated after 2-min reduction during a chemically transient reduction stage, thus smaller than the OCM's full oxygen transfer capacity which is defined by OCM's fully reduced phase at reduction equilibrium, i.e., infinity time. Reduction rates are simply extracted using the linear slope of reduction according to Eq. (1).
In Eq. (1), the reduction reaction rate (À dx dt ) is defined by the rate of mass change during reduction compared to the fully oxidized mass at each temperature. m t is the sample's mass at any given time and m ox is the mass of the sample at its equilibrated oxidized state at each temperature in air. Oxygen transfer capacity is steadily increased by temperature, especially at 950 and 1000°C. The reduction reaction rate and spontaneous capacity follow the same ascending trend. This fulfills the general expectation, as it is known that for this system the oxidation reaction rate is far higher than of the reduction rate [33] . Thus, the reduction rate dominates the spontaneous capacity, and the Mass-loss/% Time/s 0 3000 6000 9000 12000 15000 18000 21000 24000
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Fresh and post-redox morphochemical characterization
Cross-sectional micrographs of the particles before and after the deep redox cycling experiments are presented in Fig. 9 . The element maps show that iron is mostly present at the particles' outer layers. However, diffuse iron cores are also detected, with iron-poor regions in between. The main evolution after the deep redox cycling is the enrichment of the outer layer with iron due to cation diffusion to the surface. Cation diffusion for iron-containing OCMs induced by redox cycles is a known phenomenon [35] ; however, it should be mentioned that for such harsh redox conditions applied to the material, the observed cation diffusion can be considered moderate. Another important observation is the OCM particles' integrity. As visible in Fig. 9 , no huge cracks or dissociation of particles are observed in the post-characterized material, and basically not much of difference between the two figures can be pinpointed. 
Conclusions
